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FOREWORD

The wind tunnel data discussed in this report were obtained
as part of a study of Supplementary Lift for Air Cushioned Vehi-
cles for the U.S. Army Transportation Research Command (USATRECOM)
under Contract DA 44-177-TC-708. The results of the contract
study are included in TCREC 62-50 (Vol. II - Data Analysis) and
TCREC 62-51 (Vol. III - Performance Analysis). Volume I - Basic
Data Report is available from USATRECOM on a loan basis only.

The author would like to acknowledge the aid of Mr. Norman K.
Walker, whose ideas form the basis for the data correlation method
presented herein, and to Miss Ellen Jungclaus, who patiently waded
through the reams of data to plot the graphs presented in this
report.
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SUMMARY

This report discusses some effects of forward speed on air
cushion vehicle performance. It is shown that at a given forward
velocity (dependent on height and mass flow) the forward jet is
blown rearward. At higher velocities considerable performance
improvement could be attained by turning off this jet.

The force and moment data are found to correlate very well
with the ratio qo/qc, (pVOah/Zﬁoz.
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LIST OF SYMBOLS

width of base (2 ft), includes jet

length of base (4 ft), includes jet

drag coefficient, Drag
q.S

o b

1lift coefficient, Lift
qoSb

Pitching Moment

qoSbb

pitching moment coefficient

positive nose up.
mv
o

qosb

momentum drag coefficient

length of peripheral jet (8 ft)

qosb

jet momentum coefficient

height, measured to base of model

constant

mass flow in slugs/sec

total pressure of peripheral jet above ambient
free stream dynamic pressure

dynamic pressure at "critical velocity"

base area (8 ftz) includes jet

jet thickness
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Vo free stream velocity

v, "eritical velocity"

Vj mean jet velocity

B free stream cushion force parameter

Qj jet angle, measured from vertical, positive inward
P density of air

Subscripts for Lift, Drag, and Pitching Momant Coefficients

BG simulated jet attached to ground
BM simulated jet attached to the model
o basic model in ground effect, but no jet blowing
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INTRODUCTION

In February 1961, the Grumman Research Department initiated
a study for the U.S. Army Transportation Research Command
(USATRECOM) on Supplementary Lift for Air Cushioned Vehicles
(Contract No. DA 44-177-TC-708). During this study (Refs. 1, 2,
and 3) wind tunnel tests were conducted on a three-dimensional,
half span, reflection plane model (Fig. 1) with an 18 per cent
thick modified Clark Y profile. Air supply for the peripheral
jets was piped up through the tunnel floor. The leading and
trailing edges were removable (Fig. 2) in order to be able to
vary the jet configuration readily by replacing the nozzle blocks.
When these nozzle blocks were utilized, the wing-chord to ground-
effect-base chord varied (in relation to the basic configuration)
with jet deflection angle, but not with jet thickness. The ground
effect base area varied because of this procedure (-2.3% for
65 = 30°, +2.7% for 05 = -30°). The height size parameter for the
various configurations and heights discussed in this report are
tabulated on the following page.

One particularly annoying factor in the data analysis was
the apparent scatter of the drag and moment data when plotted
versus the standard jet momentum coefficient C,. (The lift data
correlated well with C,.) This apparent scatter was attributed
to the tares in the ducting system and the variation of jet flow
distribution with forward speed. It is the purpose of this re-
port to rectify that assertion and present the drag and moment
data for the symmetrical jet configurations. It is apparent now
that the scatter in the data was not due to the test setup (true -
that contributed somewhat), but to the fact that the data are-.got
a function of C,, but a function of

pVOah 2
qo/qc = ( 2m )

The development of this parameter, originally proposed by N. K.
Walker (Ref. 4), is discussed in a later section of this report.
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h Configuration hC,. /4S8
t./o, T
J ]
2.5 .94/0 .052
.94/30 .0532
.94/-30 .0506
.47/0 .052
1.41/0 .052
5.0 .94/0 .104
.94/30 .1064
.94/-30 .1012
.47/0 .104
1.41/0 .104
7.5 .94/0 .156
! .94/30 .1596
.94/-30 .1518
i .47/0 .156
| 1.41/0 156
' 2
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This report mainly analyzes the model configurations with
symmetrical leading and trailing edge jet nozzles. The force
data are presented in coefficient form as a function of the above
parameter. Pressure data, taken along the base of the model, are
also presented in order to clarify or illustrate what happens to

the air cushion as speed increases.
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DISCUSSION

Reference 2 discusses the geometric characteristics of the
model used during the wind tunnel study of supplemental lift for
air cushioned vehicles. The smooth-airfoil shaped model was
chosen in order to eliminate some aerodynamic variables and
facilitate evaluation of the wind tunnel data. Two types of
tests were conducted with the air supply system turned off and
(when applicable) the peripheral jet nozzles taped shut.

The first of these tests determined the basic aerodynamic
characteristics of the model at zero angle of attack in proximity
to the ground. For these tests the peripheral jets were taped

shut to present a smooth undersurface. Data from these tests are
tabulated below.

h CL CD C,

o o o
2.5 L1147 .0441 .G329
5.0 .0761 .0377 .0294
7.5 .0671 .0403 .0224

Additional aerodynamic data, with the model at various angles of
attack, were gathered in a later portion of this test series, but
these are not of interest for this report.

The second set of tests evaluated the aerodynamic character-
istics of the model with a simulated jet. These are called
"mound flow" tests. The jet curvature, or shape, of the ACV in
the hovering mode was replicated with solid material. Two con-
ditions were evaluated. One of these conditions had the simula-
ted jet attached to the model while the other had the jet at-
tached to the ground. (In the former condition, forces acting
on the simulated jet are transmitted to the model, while in the
latter tests they are not.) The data from these tests are tabu-
lated on the following page.

Research Department
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" CLBG “Dyg Cmpg | Lpy "Dy -
2.5 41 .024 .05 43 .067 .046
5.0 .58 .045 .065 .58 .105 .055
7.5 .0761% .691% .1435%
*Estimated, see Appendix.

The data tabulated for the 7.5-inch height were estimated on
the basis of data at the lower heights. The estimation procedure
is discussed in the Appendix.

Development of Correlation Parameter

The first tests at Grumman on the forward speed characteris-
tics of Air Cushion Vehicles were conducted during 1959, Ref. 5.
At the time of testing, we were more interested in the effect of
forward speed on the jet than in the effect of planform on the
forward speed characteristics. As a rcsult, the model tested was
a quasi-two-dimensional representation of an annular jet, and
represents the stagnation point in a three-dimensional model. It
was determined at that time that there was a direct relationship
between the APb/qjo ratio that had correlated the two-dimensional

hovering data (APb/qj0 is a function of jet geometry and height
only) and the ratio qO/APb (free stream dynamic head divided by

base pressure). The results of these tests indicated that the
forward jet remains intact until the dynamic head due to forward
speed is slightly greater than the base pressure; thereafter there
is an approximately linear increase in base pressure with forward
speed dynamic head. However, these tests represented the jet
stagnation point, and did not include the effects of planform
shape.

Two particular factors discouraged us from using this as a
correlation parameter in our work. First of all, the results of
our pressure data indicated a strong variation of base pressure
distribution with forward speed. Second, since our jets were fed
from a common source, the jet flow distribution also varied with

Research Depnrtmerit
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forward speed. This latter factor was given in Ref. 2 as one of
the reasons for our apparent scatter when attempting to correlate
the drag data with jet momentum coefficient C..

Mr. Norman K. Walker, ACV consultant to USATRECOM and ONR,
has recently proposed a new parameter for correlating the force
data from ACV wind tunnel tests, and for use in predicting the
forces acting on an ACV at forward speed. This was first dis-
cussed during one of our personal contacts, and later at the
IAS-NAVY National Meeting on Hydrofoils and Air Cushion Vehicles
(Ref. 4). In particular, the velocity at which the external flow
begins to pass below the base is defined as the '"second critical
velocity." (A premature transition can occur first when gqg = p,
if h 1is small.) This second critical velocity is calculated
to be

if K/Cp 1is chosen as 1.0. (Actually, according to Mr. Walker,
K decreases with height, see Ref. 4.)

The ratio of free stream dynamic head to the dynamic pressure
of the second critical velocity is then

2
pVoha

~

= (=)

.OI.D
o

(¢]

When q,/qc. equals 1.0, the mass flow of air attempting to

enter the cushion due to free stream equals twice mass flow of
air encompassing the cushion from the jets.

Although we are not completely satisfied with the derivation
of this parameter, the results presented in Ref. 4 and our own
results (discussed in the next section) certainly verify the
selection of the variables in q,/q. as a correlation parameter

for ACV wind tunnel test results.
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Force Data

Figures 3 through 7 present various forms of the force data
(lift, drag, and pitching moment coefficients) as functions of
qo/qc. For each jet configuration, three values of mass flow at
each of three velocities (nine combinations) were tested. The
force data correlation is excellent.

The variation of Cj - C;, with q,/q. for three jet
angles is presented in Fig. 3. The effect of jet angle is seen
to be most predominant at the lower values of q5/q.. The mound
flow data presented on these curves are the jet simulation re-
sults with the simulated jet attached to the model. The mound
flow value of Cp, - C;, 1s approximately equal to the total
model Cp at q,/q. equal te 1.0. Multiplying C; by qg/q.
and plotting versus q,/q. produces an interesting result,

Fig. 4. First of all, the effect of jet angle is more distin-
guishable, even at the 7.5-inches height. It can also be seen,
that at qy/q. less than 1.0, the slope of the C;q,/q. curve

is approximately equal that of the mound flow data (range of
qo/9c depends on height). At qgy/q. greater than 1.0, the
slope of the Cqu/qC gradually decreases, and should equal that

for the basic model at very high qg/q..

The variation of Cp - Cp, with q,/q. is presented in
Fig. 5. These data are very encouraging since, when we plotted
this same data versus Cu’ there seemed to be excessive scatter.

The mound flow data (simulated jet attached to the model) are
also shown on this plot. There are, however, some discrepancies
between these data and the results of Ref. 4. Our drag does not
peak (and equal mound flow drag at the peak) at qo/qc equal to
1.0, and then decrease proportional to 1/V,. Instead, our re-
sults increase with q,/q. and are approximately constant at

large q,/q.-

The parameter (Cp - Cpo)/Cpypoms Suggested in Ref. 4 has
been presented in Fig. 6, using our data. Cp,,n 1s the theoreti-
cal momentum drag coefficient.

7 Research Department
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Again, our results are in a form similar to that presented in
Ref. 4, but the scatter among (Cp - Cpy)/Cppom 1S considerably

greater than when Cp,,, is omitted.

The last of the force data, the variation of (C; - Cpo)
with qg/q., 1is presented in Fig. 7. For each height, all the
force data fall on one pair of curves. There is a consistent
discontinuity in curves presented. The values of qO/qc, for

which this discontinuity occurs, are tabulated below.

h q,/4,
2.5 .105
5.0 4
7.5 .75

It is at these values of qg/qc that a significant variation of
flow pattern occurs. The base pressure data also indicate this.

Pressure Data

Base pressure distribution at four spanwise locations are
presented in Figs. 8 through 24 for various configurations and
heights. The data do confirm the basic change in flow pattern
at specific values of q,/q., as indicated previously.

Figures 8 through 10 present base pressure distribution at
7.5-inches height. There is a continual change in pressures
(both magnitude and distribution) as qu/q. increases; but a

radical change takes place between 4q,/q. of 0.5 and 0.8.

Figure 11 shows this change occurring at qo/qc between
0.3 and 0.4 for h = 5.0 inches. 1If the leading edge jet is
turned off, however, this radical decrease in base pressure at
forward portion of the base does not occur, Figs. 12 through 14.
Actually therefore, the leading edge jet at these values of

8 Research Department
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qo/q. (and above) is detrimental. Not only would you waste
power (25 per cent for this configuration) by keeping the leading
edge jet on unnecessarily, but you would suffer a loss in lift

as well.

Base pressure data obtained for these same configurations
at 2.5-inch height also verify this, Figs. 15 through 24. The
pressure data indicate that, at this height, the change in flow
pattern occurs at values of q,/q. slightly greater than 0.10.
(This was also indicated by the pitching moment data.) For
qo/qc greater than 0.1, there is a decrease in base pressure
at the forward parts of the base as q,/q. 1is increased further.
This is illustrated in Figs. 15 through 21. However, if we turn
the leading edge jet off, as illustrated in Figs. 22 through 24,
there is a continual increase in base pressure as qo/qc in-
creases.
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APPENDIX

ESTIMATE OF MOUND FLOW DATA 7.5-INCH HEIGHT

This discussion of the estimating procedure for mound flow
data (in particular lift and drag) at 7.5-inch height is pre-~
sented here mainly because of one associated parameter, developed
along with the estimate. This parameter, B, could be very bene-
ficial in an analytical investigation of ACV lift and drag.

Two types of mound flow tests were conducted. In the one
type, the simulated cushion was attached to the model and in
proximity to (but not touching) the ground. As a consequence,
forces acting on the simulated cushion are transmitted to the
model. The force coefficients in this case are subscripted BM.
In the other type, the simulated cushion was attached to the
ground and in proximity to (but not touching) the model. The -
force coefficients in this case are subscripted BG. These co-
efficients have been tabulated on page 5.

For both types of mound flow tests, the flow pattern around
the model should be identical. This is illustrated below.

In general, we would expect the drag forces acting on the simula-
ted cushion to be a function of the free stream momentum. We
write this as,

) :
Deim = B pPV_ah = Bq _ah (1)

Cush
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B depends on height and planform shape. Rewriting in co-
efficient form, we find

C =5_@).
Dgim Sp
Cush

We can then calculate B from the data obtained at 2.5-and 5.0-
inches height. This is tabulated below.

ah
h ah c c B
5y Dpm Dpg
2.5 .05208 067 024 .8143
5.0 .1042 105 | -.045 .5758

Figure 25 presents a plot of CDBM’ CDBG’ p, and %CDO

versus height. The data points are shown with symbols, and solid
lines connect these points. Dashed lines are used to show the
extrapolation. First of all, we require that

This intersection point is found by a straight line extrapolation
of CDBM from h=5.0 and 2.5 1inches to h = 0, and a con-

tinuation of the curve passing through the three given 3Cp
o

points. Secondly, examination of Eq. (1) indicates that it is
reasonable to require B' = 1.0 at h = 0. This results in

B=2 at h = 0. The equation

oy
-.56h?
e

p = 2 (2)
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fits the data points at h = 0, 2.5, and 5.0. From Eq. (2),
B =0.4312 at h = 7.5 inches. Continuation of the straight
line extrapolation for CDBM results in CDBM = 0.1435 at

h = 7.5 inches. Consequently,

at 7.5-inches height.

Comparison of the two types of mound flow data for 1lift
indicate that the forces acting on the simulated air cushion do
not contribute to lift. We do, however, require that at h = 0
c =C . C at h =0 1is found by extending the curve

LBM Lo L,

passing through the three given C;  points. CLBM at 7.5
o

inches is found by extending the curve passing through the given
data at 5.0 and 2.5 inches, and the value of (i at h = 0.
o

This is illustrated in Fig. 26.
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Fig. 1 Photograph of Model in Wind Tunnel
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Trailing Edge Nozzles

Fig. 2 Photograph of Model Showing Replaceable Leading and

Research Department
1.5 RM-218
November 1962




WY =Y R I

i
vy
SR 021 R PO




o, 0 r
v\nv UITm cqu = _u jo uotaetaepn ¢ 814

16




! } SR e I _ _ Hite o
it e it R P 5 0 o i *ﬁ -
%W«qﬁuﬂa\ ﬁiﬁ% Iﬂ.\n.hm s SR RN T o ‘ b S R Lot e e | I REHAL A . . L
20 hx‘uﬁﬁ 7 dﬁuuwrlf

_u.t.n._., ku\tﬁ \..um@.ﬂ




2

uv\ov yain uv\ovqo jo uotrleTaep 4 ‘314

.|.-..!--+ N T
i =] = S Ets SRt S ores Ses et ST E] S252] LERRT PRRSES0eS Forad otu
{-.= [0 0 WESEGPY R 5 0 B e o ) L ) et £ Bl S
14 L o B | . B R TR T PR vrafen ' " ' B

__ | b i

B e
oAt 702 ONPOBA PAA "
0 WAOHS B TIRETE T

PAL AINVD \.Hmn_}\_ﬁ

STe ESEL, Sy TR 8




- Ll MBS FREGE SeSa 3

B _ {1 m e v _—

1 BRG] PG :

| o |

! 1
r— .

1 ..n“.u."._,m...
I Ias chass B
i e
| +H

P 54 &
joS

I3t ST 10t

tret
}
it







s s Ee

Abdd s gdd
ryom e
dmmn i
ST
ramms rame;
sesmynes
aE Mk
rL...—.. ey
TR TAEE
- ' B 4
réas A
FRanE A
Hasd Hiap
Smmy
Sani
a4
84

pr=ei]l




i

ot b

EREE SR

1

peae
ddaa
e g
ERETE Sk

1

11

P
H
L8 L

I
T

Ay
R R:

Ik B

E Rl bl

i

19







o)

i
=
1

3]

pes 2888 pusss
PEEES
-

e EE,

e

-

aees EEEms
+

.JT..__ +
. H-H
=+

T PR
[

T SETE







]
™
21

wdx 00001 ‘0 = ° ‘He = "3 G/ =Y ‘eipg 2anssaiad oseg g 'I1d

L)
b

P R e

a4
rfrried e

21838 oaes satedss

HH

+

|
'ZZE

_1[:,,._







N

sanssaid ssed ¢ ‘314

TSETIa] I3as!

- 4+

o~
o~




-y e
! i - { 1§ o o R RO P SR RS R B
| ! d BEETE BEETYIS o [Rasconte Hontions tha: H ISRGH SRR FERAT AOETN FIY it
B e o ak i HEHN ppe EAGEY f i S e e i pprger - e w1+ E
| | . ] i A SRR /SERE RS BaE R B SR g FRSEE BT RE TS FEISY Y PR BR AR RE R AN ”_. IR ) i

f=ris e SRR P TR T P TR IR FIRES FER SR b0 i+ PRRE R4 63 SR RTE 0
5 T S PR EERN SR REe FOSIY FRRRE FRETTERRE I . ' 11 ' 5 +irids w13

1 | 151 T it TE FPRY RSN IOT RS FReEE A - i R . —— - SEE 54 B

1 B <. 17 770 diE SEEEN EEEE NN
i L v ISR AN IR R
.. et

- Py ——




wdx

0000T

4

0t -

‘gleq o2anssaxd ased 0T

314

23




T i
! 1
i : T m“. i
1 1 - 1 I g 2 -1
1 1 H
T = i + T
¥ - ==
‘ 1
1
: 1 1 T 1w
T ] 1 1 I
o . _ _a X
HAEH i
11t l
A ok us
1 mman e
mam ; ymman Aaa 1 1
s T e
HrH I
& +- - -
1 1 rui
H Rl
1
I 9|
- b 1
I 1
1 1 aedas - 1
: T
T 8 1
I i '
: - 1
i 4 H—
R B Tt
T T = T
I o v
I 1 .. - ! .
1 o mm =11 1 1
T sa i us !
! - s : !
na 1 48
- L . -
—— ar
e HHHHH LT
¥ I
+w H - +
Sy a8 } i
=gt . £
T
T “. 4 . T
T 1 a I T
4 1
i 1 1 I i
1 T 1
—1-- 1
1 T -
QT e :
- X i H
-
it =sam
T T
=a 04 BEadN A
¥ 1
i 1 1
* 5 b
I 1
: : aas maamn aE AE ;
L ¥ oo . el
1 o
=
b -
- 1T
: - s vrerfer
L
1 | 1 md
- . R e
1 1 1 1
¥ 1 4 N !
T T ra v -
I 1 I
[T BN
e
- i
L
i i
H
1 .
H
1 -t
: I
il '
TIT 1 BmEa
i b
| 4 ’
i
m
! 1
- af st
a "
]
} 1 -
1 1
e el
1 - .
- - * enea H
. H im .
. -] i ) -
1 H o sas T H
¥ 1 .:..#
T 1 ¥ u..
- s 4 L L sy
418 | = . |
i . i I 1 H_u. T u
T R 1 1 == jan
1 £ +
1
.y
" H EEa AR
- H ._. 1 N t
I I e ;i : + i H




00001

‘eleq 2anssaad 9segq

1T

‘814

4 1 T T T T
1 T e i I m:
= | 1 = X
e . T 3 4
- '
pase: i $ied 1 :
e 1 1
4
T 1
. H 1 - :
i { . e :
- 1 i 1 1 1 4
- L] 1 1T 1 1
il u ns T T+ T >+ * a
1 T i B - b T b L =
I
- 1
1 4 1 3
iaanans t i 14 '
Hauea 1 ¥
t
et i i 1 H
T - h.. -
Eaua . H - . - I
- 3 i 1
T T ot
H- L I +
I T '
88 4 ¥ ™ T
; 151 - : - 3
1 ¥ e s SERas - - . -
b 1 LT o 1 '}
: H ' 1 1
- & % T =
! i ES221 £33 ]
. I
- 1 Tl
, : 1 1 I
s 11 1 v
Bl et T It
. i t
sea sl H 1
aad .
= ". e ++ I s * H T 4_. T r
v I 3SR -
- I ui 14 1 T 1
f I o1 T ¥ ¥
1 1 - H T e # o . -
" I it T 2 ' 1 4
= - - i ¥ - & - -
T . H e -
sz i H S o
bt it 1
1 ' T 1
- - 1L H.
T |-a-d
+ T %
s - -
- - 1 3
+ . 1 £
- | T +
iy s nw) £
i= : I :
I—I. = 1 L M
._1.._. T I
| * = -
+ 'y 1
— .
e g s + . .
it 1 il | +
. e i
o s 14
- iS4 H
'
. ~ -
T
3 -
e
=
T
I i ¥
? ™ + -
o . | ¥
- 1] - 7
- - * srim
. 1 1
" i 1
1 * ‘B T
' Y
¥ ? T :
2 ¥ -
1
I I T




RS HIREY IR TR

ey e}

T

S

i

IEEE B

111

INEE YRERE AN

Fuwy Eww

senrgrr

TH+

--llnll- -
e a

mmmsmnan
EEEE LREE:
8558 SRR




330 3°r °3py 3urped]

. y B D T T e e e e e 4 - =
: b (RS04 SRSEE Shpas 5 111 HH H
-t O BB +iny H 1
+ e
1 122 bRAEE PEEEE
1 1 i 311882
< —4-
’ e
T
o pha - 1 ;
P - =S T 3
W T 1
: arthet
- “ T
freriferis s
I T ﬂ " ¥
L i 4 1 '
$ - =
$ N 1 _ ' | 1 I
1 PR e T 1
- ¥ -
S . .h
- s 1
- RS H i 2
b ey
: . -
— T T
1 I
i
t
5 -
HE
171
|
HH $
1
- ; -
L r
LR RS Ty
a8 GO0 SSEial s
1 I § h..
+
e
§Rmma
EH 3
| - mi
H A akad pRpan
T T peanE Sresd
HH L.. pumi BN
1 T e e
T
i T ¥ etk 1ty ]
i : L
: HH T
S S5 i i
L1 il  ad SEaue
1 1 = i
3 .»m $ M
8 Em - s
i t S e
EY B + ras i B
B ' i
i e + B BTRP
T
e W
i
'n "
o -
4r g4k 15T o - 3
._ e B A
BSSas summy punE R : i
' ¢ - H
et baaw 4
SE11zaas seads siss 25, Hr T
B 1 t 1  I88:
[EEN BuE P H I
ImEy BN 3 FEmE §
au Ay : W e
- e T t
i33835s ags das botes iaRRREZERSSESs
i 4 . o r +

25







26

N

330 39 °3py Julped]

‘wdx 0000T ‘0€- = _.. ‘b = .wu ‘0°¢ = 4y ‘epaeq 2anssaad o9seg €1 ‘814

coe]

aspd

= ki




_ e B e e ] e 1 ] el
; R B IEE e SR ek ELEk DR DN g FUEH EERY PR PR TR0 B R B
| aHE 3 i o et b 1 (S Y e P et e R A
i -} ! . 3
= t T = T e i
| 588 gt
.. ._ ._
- i
| | B 1Y) CL B R
: | | {
. | q |
N b ! _ “ | . ”
i FIEEN [ e B 4 E G BN Lt R dtal sty B e it
_ m “ !

|
|0t e
|
e b
——
1

f
I
1
I

1

T

12223 EERE]




. ) c C 330 139 °3pd 3urped
wdx 00001 “Aroc- = °

‘eaeq o2anssaad @sed HI 814

i
o
T
(o))
Il
o
(e
"y
I
nE;

 FRRES ER S Rndi

5
1

..T_

27

frtalsia btz bo rplnia skt i ek

L




.
ey H T T 1 o : 1
THHHHH m. T T T ' m
o . T -
1 I
et ' ' - -
. : et : _
I H 1
¥ T T -~ )
¥ = -
1 3 -
H I - fan mad
1 L
| -
1
T T
H e - I
e M s LR L
=
T T =
=y
S . + ¥
1 e i
1 1 T
. -
v »
1
T i L -
— T
+ i1 1
[ -
e e - - —--- . i T
- 1 1T L =
L E RS e e 14 - -
FEAT FUNY RO E SN S + - i
aa g +
T i = |
e - - e T v
brmrids + + T T
| 13 1 I . -
T NS R - . -
+ * = ¥ !
- I .
et
PR i
- L1
T s
T t T
T T t
= ?
- T
s - o
T
B = 111
T
T . I T
14 1L 1
T I
e
Tl
o
1
I
- 1+ $
- 4 .
L
1 T
s
T :
I
X
1 ¥
I
- v
1 g
+ + yi
- - 1 1
=
T
= ¥ o
ym e O E . Ta
3 1 s o
s
— rry
4
]
1
e 1 i 1 i
3 semw amiun o 8 on, : £ : ! $ L
aferedfraat + + ' “.__ #.. - ¥ 3 m - suw
S SASEE SEGY EWEEE AR R T 1 <t d- ~
R ARSE SREES A RERRRIUY FR AT e sevaguevefetaape N - .
ek = 8 .
- 4 # ooy
+ ¥ ﬁ 1 a1+
4 1 - i i
1+ 1 LT ' gt - s
Y 1T I .




N

‘elpq 2aInssaad o9sed G1 ‘814

0
~N

Emmnn bl
SRS AR YA S S ERE Y AR 1 i
4 14 3
1 } :
T
I
s
1
1
I
T 1
" 1 1
‘ 1 s
1
+ TH
suma o
1 } s 1
1 1 1 = (g amn
T anae
EAE FERed pEdEY

- d = s - -y

' 1 ' T .‘“ -

- e | s ko s < =
EENEE AN ra i R Tt
T X 5 - —H++H
wid T T T sl o

1 T - [ a e et

- 1 I el ER RS

e 4 e oy

v 4 ' {
T T -t vt 1
o 1 smmm v u ey basas
11 1 nes

3 o | I

- - 10 o ] ar

Sa s P EE beny: e rH FT
e m i . HHH 5 ]
-
T
»e
&
— au
(=
-
1
T
T
T
1 u
1
1
t
1
+
‘ I

- - -

— -

A I '

BE I
- -

1
It * T

1 it
- 1 e -y
i T

yunm I ad Saamn i =S

e - ') i B S
[ - anea npwe:

s T - i .
= 1 .ﬁ. rt "
. 1 1 ] T

.._ 1
T na pu
== e (mEEe A
el -
e
TH HHHH
. -
3 R manamaas srmms oo DI -
1 11
- e ke =




RS0 8

Ty

11

1
1

I SEESENBNI

) SERNARANS

)IGERASIIREEINNRAREBENI

B BENI

jai

1

ny

168 808

1

INGASI

LI

11X

ITTIITIY

ITI1Y

1iit

jO 08B0

1x

LRl

T




wdx 00gL ‘0

‘ejeq aanssaxd aseqg 97

312

. n L i
S IR, S 0 A $ 4
B 4 T
R 4 I
1+t ' T
T T
1
T
- '
4 T 14
+ T
¥ 1
; i - ¥
k 5 4
’ $ ' 4
FE 1 1 14 " ' 8
e
-t + T
A = +
T T L} 1
T 1
EE RS - = 4
+ + ¥ ' 1
+ rE ’ 1
T 't X
H - ’
T 1 4 . 14
e . T ¥
SEEE oie: + = T
1 4 i 14
P 1 '
beoe e eg T :
BEas siforn * e
E = - FH
T
v_. - -
11
i
T 1
- y.
1
m mas
T
.
H;.- =
= T
s
=
T T
T '
T 4
L i i
+ T
! 1 1
t
T
- 3 IU_
ym) 1 :
T i +
4 i
e T
 numws T 1
T 1 '} . 1 .
s -
T e
.2 I
T 1
'
' =
- T T '
sn nma - . -
T T 1
j=ma mmmnr I
S * ¥
1 . -
| : T e
0
5u mm .
14 1 b an
T %
1 1 2 —t-
= e
- °
T o8
[
It
' Il =
-
1
- 1 —- T
: = " - +
4 3
]
1 ' H
+ ymn H
+ + T T T D
. : - .
saranga .
! H
t il
! T H
T T T H
1 1 L . x
11T 1 A - Hi -

29







wdx 0o/% ‘0= " ‘H6 = "3 ‘67 =

e
'}




3 IR HE R HER R R e N
il e 21231115 5 P et ] et 12 By
i 38 5 E3GEEE L S £ it 3 88 .
S i e
e —— : 22 38T S8 NN 7ol
o e _,:.“, e EE] SR Flﬂ
[ R & i | b - s
...... o e i s e 4
o H s i i i 8 el e [ I o
i 5 1 R TR
4SRRI R ER e B O : m
iy Grund oo % IR infes B 2.l RN e N
(=3 oramy ga g, s tE T o s b oty pieald e I
i S B S5 [EPLA ERtes MRS ER v
" _ . .. E .{..u._. . ..”””. ”””.” . .
i 44 153 o B84 B30 uu_" 5% B
Foh h e _ i i , ! : m
ay ”!“_!.r -] . - ||”|.r.
B e Sl o "|.
e 23 R
: : = SR
i g i IR SR HE
! ”1”.._. . o ‘_:.” £ HiY 3 buaa1 ] Dgadt fopl B “
1 S o S I T A i S5 i3 A 1
RIIEIE! b2y T T mm_“?..m mr__ﬂm.m_. p i G e - S ;i
sbard e g {3 PR Rl SR B - . il - B B ¥ M i I




e

[ C . ]
"o fHgt = "3 ‘Gz =Y ‘eieq sanssaad oseg Q1 814

wdx 00001 ‘0f =




P—

Abid ]

e

8 5 EREYFRE 0 0 EERH 120 VR FhEa Y eree: e VPO | i g 16 4 Lo s (411 -
] EESE0 EREED RERRT kR NESE VERET ERERY I3ETH REK: .”..”_..:_T.,:m:””_:HT..:_.Tm. -n._ﬁTu =i h. &




wdx o€,

‘o€

N

‘ejeq 2anssaig 9segd 61 "S1d

i

+

HESEE &8

ettt

,.1..

THT

bl




113
=t
et
it
- .”_..-.uuu.
4 EEaat
3= 1T
- 11t
s B -
T
HHH G




wdx 00001

‘og -

Fadda

vorifa

IE=EE &

SRSSSRESHE 888

4 b

.

33







e

34

wdx 0000T “ACof-

cefazoieras







C 330 33r 93pd 3urpeeT
‘wdx 00zz ‘0€ = "~ ‘6" = ‘3 ‘G Yy ‘eaeq a2anssoaxd aseqg g7 314

o)

35




o i |
| H
i
i i

=

|
| :

|

R il

: ELEr

i$e, S48 I

e




wdx g0//

4

0¢ -

330 39r °3py 3JuIpea]
‘pjeq oanssa1d oseg ¢z ‘914

SN i S S

m
_.
| Jeiii]
I | | 1
. " e EHE
. S T $5iiEw: Feres sy Eorey buE pover che
H R / ! i
| | e,
..... Lt arci il '

36




3223 SR

.‘:r"

-

-

FrHH
jge] fauny

.
VR

1

il

o §

L EE]

SESE s800e

FEE B
4

3
1

1

v

e

I

s

-

s

s

I ARS FRARE R RN

ey

Ak

P R
EERa




C 330 39 98pd Jurped]
y ‘ejeq sanssaid asegd 47 314

am]

‘wdx 009/ ‘drog-

I
o)
-
5
(o))
Il
+J
-
Ya)
o~
It

g ha T T t T
ae b L ELRTTLTRS H I
dagnan g 1 t d
IES EERES SEUNE FENSE NS mEEAmEE.
t
HH } m
. i + 1
I H
+ T +
afetacd s T ue
Siiafiies
mmm a1 -
- i
=m=a ..rl - o —
.—l.-.“l. potm p T - e .
ot s o e i 1

ik

SBi dani aniaiaE }
i H 1 1

H H 1 4

- - s =

TH ; o H

ja 1 I EREE R

Lan I3 E i

h.q... P i

11 T

i3 e

e b
aptid il L

37




o

Y
SRS sERea

e

Fig. 25

Extrapclation of Mound Flow
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